Bone is a very dense, speciˆed form of connective tissue predominantly comprising type I collagen brils and calcium phosphate. In the process of bone formation, osteoblasts play a key role by secreting and assembling bone matrix components. During diŠerentiation, osteoblasts synthesize type I collagen, alkaline phosphatase (ALPase), and specialized noncollagenous proteins such as osteocalcin (OC) and osteopontin (OP) which could be used as markers to conˆrm osteoblastic diŠerentiation. 1, 2) Newborn mouse calvaria-derived MC3T3-E1 cells have been used to investigate osteoblastic diŠerentiation, since these cells express sequentially osteoblastic marker proteins and form a mineralized extracellular matrix (ECM) when cultured with ascorbate. [3] [4] [5] Matrix metalloproteinases (MMPs) are capable of proteolysis of numerous ECM components and play essential roles in tissue remodeling under such physiological and pathological conditions as tissue repair, arthritis, angiogenesis, and tumor migration and invasion. [6] [7] [8] Tuckermann et al. investigated the expression properties of MMP13 (collagenase 3) in vivo by in situ hybridization and have shown that MMP13 could be used as a marker for osteoblastic diŠerentia-tion. 9) Furthermore, the MMP13 gene has been demonstrated to be up-regulated when MC3T3-E1 cells were cultured with ascorbate. 10, 11) The insight into these sequential molecular pathways could signiˆcantly increase our understanding of the osteoblastic diŠerentiation processes.
In this study, we screened factors in plant extracts which modulated the phenotypic expression of MC3T3-E1 cells. Although no factors were found to replace the role of ascorbate in the induction of osteoblastic diŠerentiation, a factor derived from Gnaphalium a‹ne, designated GnafC, stimulated signiˆcantly osteoblastic diŠerentiation toward the mineralizing phenotype in a synergistic manner with ascorbate. GnafC was found to be a polysaccharide with an approximate molecular mass of 10,000. The modulation of gene expression exerted by GnafC was examined on MC3T3-E1 cells at diŠerent stages of maturation. GnafC enhanced synergistically with ascorbate the expression of the ALPase and MMP13 genes from the early diŠerentiation stage.
Materials and Methods
Cell culture. MC3T3-E1, a mouse preosteoblast cell line, was obtained from Riken Cell Bank (Japan) and grown at 379 C in Dulbecco's modiˆed Eagle's medium (Nissui Phamaceutical Co. Tokyo, Japan) supplemented with 10z heat-inactivated fetal bovine serum, 100 U W ml of penicillin, and 100 mg W ml of streptomycin under a humidiˆed 5z CO2 atmosphere. For diŠerentiation, cells were grown in the medium supplemented with 0.4 mM Asc-P (ascorbic acid-2-phosphate magnesium salt; Wako Pure Chemicals Co. Osaka, Japan). Plant extracts were dissolved in phosphate-buŠered saline (PBS; pH 7.4) and used at 4 mg W ml in the medium. To screen the active factors in the plant extracts, cells were grown in four diŠerent media: the basal medium described above, the basal medium supplemented with 0.4 mM Asc-P, the basal medium supplemented with a plant extract, and the basal medium supplemented with 0.4 mM Asc-P and a plant extract. Each medium was changed every 3-4 days.
Determination of levels of the ALPase, collagen and mineralization. To detect the ALPase activity during screening of the plant extracts, cells cultured under diŠerent growth conditions were stained in situ as follows; the cell culture was rinsed in PBS,ˆxed in 100z ethanol followed by rinse with PBS, overlaid with 1 ml of 0.05 mg W ml of naphthol AS-MX phosphate sodium salt (ICN Biomedicals, Aurora, OH, USA) plus 1 mg W ml of Fast blue RR salt (Sigma, St. Louis, MO, USA) followed by incubation at 379 C for 30 min., rinsed with water andˆnally air dried. ALPase activity was also measured by using pnitrophenylphosphate as a substrate as described previously 12) and is expressed as nanomoles of pnitrophenol liberated per min per mg of the cell extract protein. The protein concentration in the cell extract was determined by means of a dye binding assay (Bio-Rad, Richmond, CA, USA) with bovine plasma g-globulin as a standard. All data are presented as the mean±S.D. for triplicate samples. To measure the level of collagen, the cells were rinsed with PBS,ˆxed with Bouin's ‰uid for 1 h at room temperature followed by rinse with running water, stained with Sirius Red F3BA (Aldrich Chem. Co., Milwaukiee, WI, USA) and then treated with 0.01 N HCl before the stain was extracted with 0.1 N NaOH. The absorbance of the extract at 550 nm was measured. 13) As to determination of mineralization of ECM, cells grown in the basal medium supplemented with 0.4 mM Asc-P and 10 mM b-glycerol phosphate were rinsed twice with PBS, incubated with 100z ethanol for 1 h followed by staining with 0.1z Alizarin Red S (Wako Pure Chemicals Co., Osaka, Japan), rinsed with ethanol, and the stain extracted with water. The absorbance of the extract at 520 nm was measured. 14) Preparation of the plant extracts. Air-dried plants were cut into small pieces and extracted at 909 C for 60 min with water. After removal of the residue bŷ ltration, theˆltrate was concentrated in vacuo, lyophilized and then subjected to the screening as described above. Crude GnafC (16 g) was prepared from 100 g of air-dried Gnaphalium a‹ne and subjected to puriˆcation. All plant extracts were provided by Suntory Limited.
Reverse transcription-polymerase chain reaction. Total RNAs were prepared from cells cultured for 4, 8, 12 and 16 days under various growth conditions as described by Chomczynski and Sacchi 15) and treated with DNase. Then 8 mg of RNAs were used for cDNA synthesis with oligo-dT primers. cDNA fragments of ALPase, 16) type I collagen, 17) osteonectin (ON), 18) osteopontin (OP), 17) osteocalcin (OC), 19) sodium-dependent vitamin C transporter (SVCT2), 20) MMP13, 21) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 22) were ampliˆed by the polymerase chain reaction (PCR) with oligonucleotide primers speciˆc for each gene. Other methods. General chemical analysis. Total carbohydrates were measured by the phenol-sulfuric acid method, 23) using glucose as a standard. The neutral sugar composition of GnafC was analyzed as the alditol acetate derivatives by gas liquid chromatography.
Enzyme digestions. A-10 mg amount of GnafC was digested for 24 h with various glycosidases such as a glycosidase mixture derived from Turbo cornutus, a-mannosidase, b-mannosidase, a-galactosidase, b-galactosidase, a-acetylgalactosaminidase, or bacetylhexosaminidase under their optimal conditions. As a control, each enzyme was inactivated by boiling and then used for digestion of GnafC. The glycosidases were purchased from Seikagaku Corp. (Tokyo, Japan). For protease digestion, 10 mg of GnafC was digested for 24 h with 0.1 mg of pronase E, proteinase K or trypsin under their optimal conditions. All the reactions were stopped by boiling the reaction mixture for 5 minutes, followed by centrifugation to remove the residue formed. The resulting supernatant was lyophilized and determined for its stimulatory activity toward ALPase synthesis as described above.
Chromatography. A 100 mg of GnafC was dissolved in water, and applied to a column of DEAE or CM Sepharose for anion-and cation-exchange chromatography, respectively. Gel permeation chromatography was also carried out in columns of Superdex 75 and Superdex 200 in a 150 mM NaCl solution.
Solvent partitioning. GnafC (100 mg) dissolved in water was partitioned at pH 3 with ethyl acetate. The upper ethyl acetate-rich fraction was removed and saved. The lower water layer was further partitioned at pH 12 with ethyl acetate.
Molecular mass determination. Size-exclusion chromatography (SEC) was done by a Viscotek Model 300TD system (Viscotek, Houston, TX, USA) equipped with three detectors for refractometric, scattered light and viscometric recording. GnafC (100 ml) dissolved at 2 mg W ml of 0.05 M Na2SO4 was passed at a ‰ow rate of 0.5 ml W min. and 309 C through TSK gel a5000 and a3000 analytical columns (MAC-MOD Analytical, Chadds Ford, PA, USA) connected in series. MALDI-TOF W MS data were collected by a PerSeptive Biosystems Voyager-DE instrument (Applied Biosystems, Tokyo, Japan) in the positive ion mode. MALDI-TOF W MS samples were prepared in either 3,5-dimethoxy-4-hydroxy cinapic acid or 2.5-dihydroxybenzoic acid matrix.
Results and Discussion
Screening for factors responsible for stimulating the diŠerentiation of MC3T3-E1 cells Plant extracts were prepared from 1984 diŠerent species as described in the Materials and Methods section, and their diŠerentiation-stimulatory activities were assessed by the ALPase activity in MC3T3-E1 cells grown in four diŠerent media: the basal medium, the basal medium containing ascorbate, the basal medium containing a plant extract and the basal medium containing both ascorbate and a plant extract. The increase in ALPase level in response to each plant extract was monitoredˆrst by in situ staining. No plant extracts were found to increase the ALPase level when supplemented alone in the basal medium. However, one extract prepared from Gnaphalium a‹ne, designated GnafC, signiˆcantly enhanced the ALPase level when cultured with ascorbate, presumably as a consequence of stimulating osteoblastic diŠerentiation. During this screening, many extracts were found to inhibit the growth of MC3T3-E1 cells. Representative time-course plots for ALPase synthesis under diŠerent growth conditions are shown in Fig. 3B .
Chemical features of GnafC
GnafC was prepared in a large quantity and fractionated at pH 3 and 12 into insoluble, ethyl acetatesoluble and water-soluble fractions by solvent partitioning as described in the Materials and Methods section. Only the water-soluble fraction exhibited a stimulatory eŠect on ALPase synthesis in the presence of Asc-P. The speciˆc activity for GnafCdependent ALPase synthesis in the water-soluble fraction was approximately 20 times higer than that of the original GnafC preparation. Therefore, ethyl acetate-treated GnafC was used in the subsequent experiments.
GnafC was subjected to gel permeation columns such as Superdex 75 and Superdex 200, and found to be a high-molecular-weight compound. However, GnafC was not puriˆed to any signiˆcant extent by such gel permeation chromatography. GnafC was digested with various enzymes to characterize its chemical properties. Digestion of GnafC with a glycosidase mixture prepared from Turbo cornutus resulted in complete loss of its stimulatory activity toward ALPase synthesis (Fig. 1) . However, GnafC treated with a single glycosidase of a-or b-mannosidase, a-or b-galactosidase, or a-acetylgalactosaminidase maintained its partial or complete activity to enhance ALPase synthesis together with Asc-P (data not shown). This could have been due to the substrate speciˆcity of each enzyme. In contrast, GnafC digested with proteases such as pronase E, proteinase K and trypsin retained its full activity to increase ALPase in a synergistic manner with Asc-P (Fig. 1 ). All these data indicate that GnafC was a polysaccharide. The sugar composition of GnafC was determined by gas chromatography and found to comprise mannose, xylose, arabinose, galactose and glucose at a molar ratio of 1:2:4.3:2.5:2.7. Then, the molecular mass of GnafC was further analyzed by MALDI-TOF W MS and SEC as described in the Materials and Methods section. Although no decisive results were obtained by the former method, the latter method clearly gave the molecular masses of GnafC. GnafC comprised mainly two components with approximate molecular masses of 10,000 and 12,000 (Fig. 2) . However, the exact structure of GnafC responsible for stimulation of cell diŠerentia-tion remains to be determined.
EŠects of GnafC on ALPase and collagen synthesis and ECM mineralization
ALPase is a well-known marker for osteoblastic diŠerentiation.
24) The Asc-P-mediated induction of ALPase in MC3T3-E1 cells has been shown to be correlated with an increased RNA level. 4, 5) Since GnafC was found to enhance ALPase synthesis synergistically with Asc-P as just described, we examined the role of GnafC in the Asc-P-dependent diŠerentiation processes. First, the dose-dependent eŠect of GnafC on ALPase synthesis in the presence of 500 mg W ml of Asc-P was examined (Fig. 3A) . The ALPase level was slightly enhanced at 0.1 mg W ml of GnafC and then increased sharply from 1 to 10 mg W ml of GnafC, while GnafC alone had no stimulatory eŠect on ALPase synthesis. Second, the time-course characteristics of ALPase synthesis were determined under four diŠerent growth conditions (Fig. 3B) . When MC3T3-E1 cells were grown in the basal medium supplemented with Asc-P, the enzyme activity started to increase on day 7 and reached the maximum level on day 20, this being approximately 3 times as much as that when cultured in the basal medium alone. In contrast, the enzyme activity was profoundly enhanced by adding GnafC at 10 mg W ml to the basal medium together with Asc-P. The enzyme activity started to increase rapidly on day 7 and reached the maximum level on day 15, being 3 times as much as that in cells grown only with Asc-P. No signiˆcant increase in the enzyme activity was observed when cells were grown in either the basal medium or the basal medium supplemented only with GnafC. These changes in the ALPase level were further conˆrmed by Western blotting (data not shown). All these data conˆrmed that GnafC enhanced ALPase synthesis synergistically with Asc-P in MC3T3-E1 cells. The function characterized most for ascorbate is stimulation of the maturation and accumulation of type I collagen, which in turn triggers osteoblastic diŠeren-tiation. 25) The synergistic eŠect of GnafC and Asc-P on cell diŠerentiation was further examined from the aspect of collagen synthesis (Fig. 3C) . With GnafC and Asc-P in the culture, the synthesis of collagens, including type I, began to increase on day 7 and increased relatively linearly up to day 28, with the Dose-dependent eŠect of GnafC on ALPase synthesis. Cells were cultured for 14 days in the basal medium (), or in the basal medium supplemented only with 500 mM ascorbate (), or various concentrations of GnafC (0.1 to 10 mg W ml) () or GnafC and 500 mM ascorbate (). ALPase activity was determined as described in the Materials and Methods section. B) Time-dependent eŠect of GnafC on ALPase synthesis. MC3T3-E1 cells were cultured for the indicated times in the basal medium (), or the basal medium supplemented with 10 mg W ml of GnafC ($), or 500 mM ascorbate (), or 10 mg W ml of GnafC and 500 mM ascorbate (). ALPase activity was determined as described above. C) Time-dependent eŠect of GnafC on collagen synthesis. Cells were cultured for the indicated times in the basal medium (), or in the basal medium supplemented with 500 mM ascorbate (), or 10 mg W ml of GnafC and 500 mM ascorbate (), and stained by Sirius Red F3BA as described in the Material and Methods section. D) EŠect of GnafC on ECM mineralization. Cells were cultured for 28 days in the basal medium or in the basal medium supplemented with either 500 mM ascorbate or 10 mg W ml of GnafC and 500 mM ascorbate. The amounts of Alizarin Red S associated with ECM were determined as described in the Materials and Methods section. Data represent the mean±SEM for triplicate samples. maximum level being approximately 2 times that of cells grown only with Asc-P.
MC3T3-E1 cells have been known to form mineralized ECM in the prolonged culture duration with ascorbate. 4, 14) To determine whether or not GnafC was also involved in the ECM mineralization process, Alizarin Red S was used to stain ECM in cells grown in the Asc-P-containing medium with or without GnafC. Although cells grown with Asc-P were signiˆcantly stained as a consequence of diŠerentiation, cells grown with Asc-P and GnafC were stained more intensely, the amount of the stain associated with ECM increasing approximately 10 fold by day 28 as compared to that of the Asc-P-grown cells (Fig. 3D ). All these data clearly indicate that GnafC enhanced the expression of osteoblastic stage marker proteins synergistically with AscP.
EŠects of GnafC on the expression of the osteoblastic diŠerentiation marker protein genes
During diŠerentiation, osteoblasts sequentially synthesize diŠerentiation marker proteins such as ALPase, OP, and OC. 1, 2) The temporal expression of these proteins is required for in vivo bone formation by forming mineralized ECM. Asc-P has been shown to enhance the mRNA levels for ALPase and OC in MC3T3-E1 cells by Northern blotting. 4) As described above, GnafC enhanced the synthesis of ALPase and collagen as well as the mineralization of ECM in a synergistic manner with Asc-P. In order to deˆne the developmental stage of cells at which GnafC enhanced the expression of these genes synergistically with Asc-P, RNAs were isolated from cells at diŠer-ent developmental stages and subjected to semiquantitative RT-PCR (Fig. 4) . Judging from the band intensities of cDNAs ampliˆed by limiting the numbers RNAs were prepared from MC3T3-E1 cells cultured for 4, 8, 12 or 16 days in the basal medium (control), or in the basal medium supplemented with 500 mM ascorbate (AscP) or 10 mg W ml of GnafC and 500 mM ascorbate (AscP＋GnafC). The expression levels of type 1 collagen, ALPase, ON, OP, OC, SVCT2 and MMP13 were analyzed by limiting the number of cycles (15, 20, 25) of RT-PCR as described in the Materials and Methods section. GAPDH mRNA was used as an internal control. The relative expression level of each gene estimated from the band intensity is indicated by ＋, ＋＋ and ＋＋＋.
of cycles of RT-PCR, Asc-P was found to enhance the transcription of the type I collagen, ALPase, ON and MMP13 genes throughout the culture period. These results are consistent with those previously reported. 4, 10) Expression of the OC gene started to increase on day 8 with Asc-P in the culture. Expression of the OP and SVCT2 genes was constitutive and remained unaltered, irrespective of the culture conditions. With GnafC and AscP in the culture, the amounts of the ALPase and MMP13 transcripts increased signiˆcantly, while the other transcripts examined here remained at the same level as those of cells cultured only with Asc-P. Expression of the ALPase gene was enhanced at the early stage of diŠerentiation up to day 8, and then decreased to the level of the Asc-P-treated cells. In contrast, expression of the MMP13 gene was enhanced throughout the culture period. Although expression of the MMP13 gene has been shown to be mediated by the osteoblast-speciˆc transcription factor, RUNX2, 26) neither Asc-P nor GnafC exhibited any stimulatory eŠect on transcription of the runx2 gene (data not shown). All these data clearly indicate that GnafC enhanced expression of both the ALPase and MMP13 genes synergistically with AscP from the early stage of diŠerentiation of MC3T3-E1 cells.
ALPase is present early in osteoblastic development and has been shown to be required for the mineralization of ECM, 14, 27, 28) probably because ALPase hydrolyses organic phosphates and boosts the local phosphate concentration, leading to diŠerentiation toward the mineralizing phenotype. ECM plays many essential roles to exert various cellular functions, including osteoblastic diŠerentiation and proliferation. Matrix metalloproteinase activities are important for both bone resorption and bone formation through the remodeling of ECM. [6] [7] [8] Among MMPs expressed in MC3T3-E1 cells, the expression of MMP13 is dependent on the presence of ascorbate and is up-regulated in diŠerentiating MC3T3-E1 cells. 10, 11) The sequential expression of various bone cell proteins is suggestive of multiple stimulatory factors. GnafC could be used to elucidate the sequential molecular pathways and increase our understanding of the osteoblastic diŠerentiation processes.
